Background. Metabolic syndrome (MetS) and the commonly associated nonalcoholic fatty liver disease (NAFLD) is an increasing health concern and hot topic in medical research. Together with lifestyle modification, metformin (MET) and statins are among drugs with potential therapeutic benefit. The aim of this study is to investigate the potential of synergistic combination of MET and atorvastatin (ATR) in rat model of MetS. Methods. Rats were fed on high-carbohydrate, highfat (HCHF) diet for 16 weeks and either of MET, ATR, or their combination were administered from the beginning of the 9th week to the end of the study. Body weight, insulin resistance, plasma lipids, serum transaminases, TNF-α, leptin and adiponectin as well as liver histopathology were assessed. Results. Both MET and ATR worked synergistically to reverse the biochemical and histological abnormalities of MetS and ameliorated steatohepatitis more than their individual effects. Conclusion. The present study clearly demonstrates a synergistic effect of MET and ATR combination to reverse hepato-metabolic abnormalities of MetS/NAFLD in rat model and calls for pursuing subsequent clinical studies to consolidate data at hand.
INTRODUCTION
Metabolic syndrome (MetS) is a multiplex of clinical manifestations including hypertension, hyperglycemia, hypertriglyceridemia, diminished high-density lipoprotein cholesterol (HDL-C), and abdominal obesity [1] . Non-alcoholic fatty liver disease (NAFLD) is widely considered the hepatic manifestation of MetS [2] , and results from increased fat accumulation in the liver (steatosis). Pathological picture ranges from non-alcoholic fatty liver (NAFL), with absent hepatocyte injury or fibrosis, to the extreme construct of non-alcoholic steatohepatitis (NASH) in which hepatic steatosis is associated with inflammation, liver cell injury and fibrosis [3] . NASH is a progressive disorder with up to 20% of patients develops cirrhosis within 10 years [4] .
Insulin resistance and associated compensatory hyperinsulinemia are critical etiologic players in the development of MetS [5] . Insulin resistance inhibits glycogenesis and promotes gluconeogenesis and free fatty acid (FFA) release from adipose tissue. The uptake of circulating FFA by hepatocytes is dysregulated, resulting in enhanced synthesis of triglycerides and impaired FFA oxidation [6] . Liver injury involves increased hepatocyte vulnerability to oxidative stress and ensuing lipid peroxidation. By-products of oxidative stress and lipid peroxidation are forceful chemoattractants of neutrophils with subsequent release of pro-inflammatory 50 cytokines such as tumor necrosis factor-α (TNF-α) which in turn exerts a positive feedback loop to increase insulin resistance and neutrophils recruitment. Leptin and adiponectin are two cytokine-like mediators (adipokines) produced by adipose tissue. Leptin facilitates the secretion of TNF-α and other pro-inflammatory cytokines to increase insulin resistance [7] while, on the flip side, adiponectin typically stimulates fatty acid oxidation and augments insulin sensitivity [8] .
Until recently, lifestyle modification has been the only treatment option for MetS. As of today, the FDA has not approved any medications to treat MetS; however, metformin (MET) and statins are logical candidates. A meta-analysis study published in 2007 demonstrated that monotherapy with MET leads to normalization of aminotransferases in significant fraction of patients more than dietary regime alone, and also improves steatosis on radiologic imaging [9] .
Improvements in liver biochemistry and histology through treatment with statins have been also observed in some patients with NAFLD, although these studies were conducted on relatively small samples of patients [10] . To the best of our knowledge, the combination of MET with atorvastatin (ATR), a competitive inhibitor of HMG-CoA reductase of the statins family, for the treatment of MetS has not been investigated. The purpose of this study however is to study the potential of synergistic combination of MET and ATR in rat model of MetS. We reasoned that the documented improvement of insulin resistance and glycemic control by MET, together with the established role of statins in the management of dyslipidemia may offer a broad spectrum therapeutic benefit in the control of hepato-metabolic abnormalities of MetS.
MATERIALS AND METHODS

Animal model
All experiments were conducted according to the local In- 
Experimental design
After the initial 8 weeks of dietetic regime, rats were assigned into 5 groups (each of 10 rats) as follows - (1) Drugs were given daily by oral gavage dissolved in 0.5 ml distilled water at 11:00 AM and all animals were observed daily for food and water intake while the body wt was measured weekly. At the end of 16th week, laparotomy was done under anesthesia following 12h period of food deprivation during which rats were given drinking water without fructose supplementation. Livers were harvested and blood samples were collected from the heart and centrifuged at 1500 x g for 15 min at 4°C to separate serum for biochemical analysis.
Serum lipid profile
The total cholesterol (TC), triglycerides (TG) and high den- 
Serological assays
Serum alanine transaminase (ALT) and aspartate transami-nase (AST) were measured by using ELISA kits (BioVision, USA). Serum insulin was analyzed by using rat insulin ELI-SA kits (DRG International Inc., USA). TNF-α, leptin, and adiponectin in serum were measured by using ELISA kits (RayBiotech, Inc. USA) according to the manufacturers' protocols.
Homeostasis model assessment of insulin resistance (HOMA-IR)
HOMA-IR was used to evaluate insulin resistance by the use of the insulin-glucose product assuming that young adult control rats have an average HOMA-IR analogous to HO-MA-IR in humans [12] . The equation was as follows -HO-MA-IR = fasting plasma insulin (μU/ml) x fasting plasma glucose (mmol/l)/22.5 [13] .
Liver histopathology
Paraffin-embedded 4 μm liver sections were stained with hematoxylin & eosin (H&E) and examined by light microscope. We used the activity score developed by the NASH Clinical Research Network to score the extent of steatosis, inflammation, and ballooning [14] . The overall score is calculated as the sum of the scores for steatosis (0-3), lobular inflammation (0-3), and ballooning (0-2), and ranges from 0 to 8 (Table 1 ). An overall score of ≤ 2 were diagnosed as normal morphology; a score of ≥ 5 is considered as a surrogate for the histological diagnosis of NASH while biopsies with scores between 2 and 5 were diagnosed as NAFL.
Statistical analysis
Statistical analyses were performed using the SPSS v22 (SPSS Inc., Chicago, USA). Data were presented as mean ± SD. Comparisons between means were performed as appropriate by using the Student's t-test or one-way ANOVA followed by Tukey post hoc test. P-values of 0.05 or less were considered significant. Table 2 Fig 6-B) . Table 1 . Components of nonalcoholic fatty liver disease activity score [14] . 
RESULTS
Hepato-metabolic characteristics after 8 weeks of HCHF diet
Effect of drug treatments after 16 weeks
At the end of the 16th week, rats treated with MET alone or in combination with ATR had significantly lower body weights as compared with non-treated HCHF fed rats (P<0.01) while those treated with ATR alone had non-significant reduction of their body weights (Fig 1) . There was also significant attenuation of serum insulin, glucose and HOMA-IR values by either of MET or ATR, however, improvements of these glycemic indices were less marked in rats treated with ATR than in rats treated with MET. On the flip side, the maximal improvement in glycemic indices was observed with combined MET and ATR treatments (Fig 2) .
After 16 weeks, there was significant deterioration of serum TC, TG, LDL-C and HDL-C in rats fed on HCHF diet (P<0.001 for all, Fig 3) . Treatment with MET significantly lowered both serum TC and LDL-C (P<0.05) while treatment with ATR significantly lowered serum levels of all the 4 parameters with higher significance levels than those obtained with MET treatment on TC and LDL-C. Rats treated with combined MET and ATR had the maximal improvements in serum TC, TG, LDL-C and HDL-C compared to either MET or ATR alone (Fig 3) .
Liver transaminases, AST and ALT, reflecting the degree of liver injury were significantly higher in HCHF fed rats than negative control rats (P<0.001, Fig 4) . Rats treated with MET or ATR solely had significantly lower levels of hepatic enzymes as compared with non-treated rats. Co-treatment with MET and ATR significantly lowered the enzyme levels more than these obtained with either of drugs alone (Fig 4) . 
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Histological changes
In comparison with normal liver tissue seen in rats fed on standard chow diet, livers of rats fed on HCHF diet for 16 weeks showed progressive macrovesicular steatosis, inflammatory cell infiltration and ballooning with an overall score of 6.3±1.16 (Fig 6-C The body of evidence accumulated during the past 20 years has shown that the overall antihyperglycemic effect of MET is largely due to the inhibition of hepatic gluconeogenesis; however, a detailed explanation of MET mechanism of action in obesity, insulin resistance and MetS is still not fully understood. It seems plausible that part of MET pleotropic effects is due to increase in the AMP/ATP and ADP/ATP ratios [16] leading to stimulation of AMP kinase (AMPK), a primary cellular energy sensing enzyme [17] . However, this observation has been argued in experiments with hepatocytes deficient in either AMPK or its upstream activating cytosolic proteins [18] . The long-term favorable pleiotropic effects of MET may result not only from the AMPK-dependent mechanism but also due to stimulation of other signaling pathways such as increased nitric oxide (NO) synthesis consequent to activation of endothelial NO synthase (eNOS) [19] , and suppression of oxidative stress through inhibition of mitochondrial electron transport chain [20] .
As with our findings, there is a substantial body of evidence that obesity-insulin resistance progression is positively correlated with an increase in pro-inflammatory cytokines such as TNF-α and leptin, and reduced plasma concentration of 'protective' adipokines, especially adiponectin [21- 22]. MET might be able to positively interfere with leptin and TNF-α production and partially recover adiponectin level and improve 'adiponectin resistance' present in obese individuals and patients with MetS. In human studies, MET treatment of obese adolescents with insulin resistance improved inflammatory activity by eliciting a reduction in TNF-α concentration and preventing the decline in serum adiponectin concentration [23] .
Although several studies have reported beneficial effects of statins in patients with MetS [24, 25] , but clinicians are often concerned about prescribing statins for patients with elevated liver enzymes [26] . Surprisingly, we found that ATR has reduced aminotransferase levels in our rat model of MetS/NAFLD. Similar findings were also reported in patients with NAFLD in a number of studies [27] [28] which provide our results more consolidation. As far as we know, very few studies have examined statins and MET combination in MetS [29] ; moreover, most of these studies were focused mainly on the cardiovascular events, and even so, data obtained by these studies are inconsistent. More specifically, information on the effect of MET and ATR combination in patients with MetS and/or experimental models is lacking.
Only, a one recent study in the allied field has shown that MET and ATR combination attenuated atherosclerosis in rabbits fed on high cholesterol diet [30] .
As expected in this study, improvement of the lipid profile (TC, TG, LDL-C, and HDL-C) was marked in the ATR were also obtained in some previous studies [27] [28] . A more important finding presented herein is that co-treatment with MET and ATR could efficiently ameliorate histological deterioration seen in HCHF fed rats more significantly than monotherapy with either MET or ATR alone. This finding was supported by biochemical and serological data of the present study.
A major limitation of this study is that we did not investigate effects related to the cardiovascular complications of MetS such as blood pressure, myocardial functions or vascular abnormalities as we aimed mainly at studying the hepato-metabolic function. Another limitation is that we did not investigate the effect of drug combination at the molecular levels. Despite these limitations, we think that this study might provide useful information on the beneficial outcome of MET and ATR in experimental MetS which could be easily reproduced in the clinical setting on patients with MetS since MET is commonly used for long-term by patients with obesity, and type-2 diabetes with significant margin of safety; likewise, ATR is given for long-term control of dyslipidemia with good tolerability by most patients. Larger clinical studies would be indeed more useful to consider limitations of data at hand and to consolidate the value of this drug combination in the management of patients with MetS.
